Voltage-gated ion channels respond to changes in membrane potential by movement of their voltage sensors across the electric field between cytoplasmic and extracellular solutions. The principal voltage sensors in these proteins are positively charged S4 segments. The absolute magnitude of S4 movement discriminates two competing classes of gating models. In one class, the movement is <10 Å due to the fact that the electric field is focused by aqueous crevices in the channel protein. In an alternative model, based in part on the crystal structure of a potassium channel, the side chains of S4 arginines move their charges across the bilayer's electric field, a distance of >25 Å. Here, using tethered charges attached to an S4 segment, we provide evidence that the electric field falls across a distance of <4 Å, supporting a model in which the relative movement between S4 and the electric field is very small.
To discriminate small-and large-movement models, we estimated the physical dimensions of the electric field through which S4 gating charges move by attaching charged adducts of varying length to a cysteine substituted into an S4 segment ( Figure 1A ) and examined whether the S4 segment could move the attached charge across the electric field.
Results
We attached charged adducts to S4 segments by covalent labeling of the cysteine mutant R362C in Shaker potassium channels (Figure 1) . The native arginine R362 is the outermost basic residue of the S4 segment and normally carries a full positive charge through the membrane electric field in response to changes in membrane potential (Aggarwal and MacKinnon, 1996; Seoh et al., 1996). When the R362C mutant is modified by the cysteine reagents methanethiosulfonate-methyltrimethylammonium (MTSMT) or methanethiosulfonateethylammonium (MTSEA), the resultant short-length adducts also carry a full positive charge through the electric field in response to changes in membrane potential (Ahern and Horn, 2004a). These two adducts are, therefore, equivalent to either the native arginine or a lysine (Aggarwal and MacKinnon, 1996) at this position in terms of their ability to transfer charge. At depolarized voltages, the charged ends of these adducts are in electrical continuity with the extracellular space, and hyperpolarization must move them to a position at the cytoplasmic side of the electric field ( Figure 1A) . The prediction for adducts with sufficiently long tethers is that their charged termini would remain in the extracellular compartment in response to a strong hyperpolarization and therefore would not contribute to the voltage-dependent charge movement of the S4 segment ( Figure 1A ). We used a series of permanently charged MTS reagents with alkyl tethers ranging from methyl (-CH 2 -) 1 to hexyl (-CH 2 -) 6 , with each CH 2 group contributing w1.24 Å to the linear length of the adduct ( Figure  1B) . A longer reagent containing a heptyl tether caused substantial leak in oocytes expressing R362C, precluding unambiguous measurements of gating currents. We estimated the contribution of these adducts to charge movement by measuring the fractional change in total gating charge caused by complete labeling of the four introduced cysteines of R362C channels (see the Supplemental Data available with this article online), as in a previous study (Ahern and Horn, 2004a). Figure 1A , the electric field at a hyperpolarized voltage is dissipated completely over a distance of <4 Å, the difference in length between propyl and hexyl derivatives (shaded area in Figure 3) .
We made an implicit assumption that the full extent of S4 charge movement is not affected by the adducts attached to R362C. This assumption is supported by the monotonic relationship between tether length and the charge added to the gating current, as if the adducts have no effect on the ability of other basic S4 residues to carry their normal charge load. Moreover, none of the adducts reduces Q tot or increases it beyond the predicted 44%. We further considered the possibility that the longer adducts might be able to swing their charged termini through the electric field, resulting in an underestimate of its length. This prospect is not supported by our data, however, because the butyl and pentyl adducts, unlike shorter derivatives, move less, not more, of their charge through the field. The partial charge carried by these two adducts indicates that their charged termini have entered the electric field; yet they are unable to reorient to move the rest of the way through it. Therefore, our data are in accordance with the idea that the relative movement between the S4 segment and the electric field takes place over a physical distance of <4 Å. , 1996) . Our new results, however, rule out any model in which the S4 movement across the electric field is larger than a few angstroms. Although the nature of this movement remains to be elucidated, a small conformational change may contribute to both the sensitivity and the speed with which these ion channels respond to stimuli.
Experimental Procedures

DNA Clones and Expression
The R362C mutation was generated in Shaker H4 containing three modifications: (1) deletion of residues 6-46 to remove N-type inactivation, (2) introduction of the C301S and C308S mutations to reduce sensitivity of the channel to cysteine modification, and We used the methods of Aggarwal and Mackinnon (Aggarwal and MacKinnon, 1996) to compute charge-voltage (Q-V) curves from uncorrected capacity transients over a range from −220 mV to +100 mV. All Q-V curves after modification are normalized with respect to Q tot in the same cell before modification. For presentation, the gating currents were obtained by subtraction of an appropriately scaled linear current transient for a single voltage step between +70 and +80 mV. Q-V relations were fitted to a Boltzmann function with one or two weighted components (Table 1) . Experiments were performed at room temperature.
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